Crystal structures combined with biochemical data show that the d-endotoxins from Bacillus thuringiensis are structurally poised towards largescale, irreversible conformational changes that transform them from the soluble protein bound at the cell surface into a membrane-embedded form causing lysis of susceptible insect cells. Cry dendotoxins are made of a helix bundle, a /?-prism and a P-sandwich. T h e conformational change involves an umbrella-like opening between the helix-4,s-hairpin and the remaining helices, and between the helical domain and the two sheet domains. Comparison of Cry1 Ac structures with and without the bound receptor ligand GalNAc associates occupation of the high-affinity site on the P-sandwich with an increase of temperature factors in the helical, pore-forming domain, which may indicate how receptor binding could trigger the required major conformational change. T h e structure of Cyt 8-endotoxins indicates that the surface helix hairpins must peel away to expose the P-strands for membrane attack. Single amino acid substitutions in hinge residues or the core can restore activity following an inhibitory mutation.
Introduction
T h e 8-endotoxins produced by the Gram-positive bacterium Bacillus thuringiensis (Bt) are membrane-pore-forming proteins that are active specifically against insects in the orders of Lepidoptera (moths and butterflies), Diptera (mosquitos and blackflies) and Coleoptera (beetles) ([l-31. Like other membrane-active proteins and peptides [4-61, they bind to the cell surface in the watersoluble form, where they undergo large-scale, irreversible conformational changes to convert them into the form capable of inserting into the membrane (Scheme 1) [7-lo] . Membrane-embedded d-endotoxins create pores that are permeable to small ions and solutes but which exclude macromolecules, therefore causing osmotic lysis of midgut cells in susceptible insects, and ultimately insect death. This is thought to be the general mode of action of all d-endotoxins regardless of specificity [3,11]. Here we discuss evidence from crystal structures of d-endotoxins in the soluble form, and from structural interpretations of biochemical data on their pore-forming activities, to propose that these proteins are, by their three-dimensional structure, poised towards conversion into the membrane-embedded form, given the appropriate initial contact with a membrane component.
Cry and Cyt toxin families
T h e Bt 6-endotoxins belong to two distinct gene families named cry and cyt. between Cry and Cyt d-endotoxins, shown by their crystal structure and subsequent functional studies, is that the Cry toxins make membrane pores lined by a-helices, whereas Cyt toxins make pores using P-strands.
Cry S-endotoxins
Structure in the soluble state T h e general fold of the Cry d-endotoxin structure was observed first in a Coleoptera-specific toxin Cry3A (Figure la) [6] and again in a Lepidopteraspecific toxin Cry1 Aa (Figure lb) [lo]. T h e three domains have a modular organization with respect to the polypeptide sequence. From N-to Cterminus, domain I is a bundle of seven a-helices with a5 encircled by the other helices; domain I1 is a P-prism, in which three anti-parallel j?-sheets with similar topology are packed around a hydrophobic core; and domain I11 is a P-sandwich. T h e core of both molecules, encompassing the central helix a5 in the helical bundle and all the domain interfaces, are built up from five sequence blocks that are highly conserved throughout the family . This is consistent with the helical domain being involved in the pore formation, and the two sheet domains being responsible for interaction with specific membrane receptors, or with distinct sites on similar receptor proteins. Furthermore, the phylogenetic division among domain I sequences showed a correlation with the type of insects targeted by the toxins, which suggests that different types of domain I have been selected for acting in particular membrane environments from the distinct target types [12].
have an amphipathic surface along their length, as expected in pore-lining structures. Isolated domain I fragments have been demonstrated to partition into model membranes to form pores Evidence for conformational change A major conformational change is clearly required to transform the initially soluble toxin into a structure able to insert into the membrane. By analogy with proposals for the pore-forming domain of colicins [4], the conformational change was envisaged to expose a relatively non-polar helix hairpin from domain I to initiate membrane penetration [7] . In both CrylAa and Cry3A [7, 9] the hairpin made of helices a4 and a5 was comparatively hydrophobic, and site-directed mutations in these two helices were shown to inhibit membrane insertion [39, 40] . Mutagenesis in the a2b-a3 and a 4 a 5 loops of domain I and in the apical loops of domain I1 were found to inhibit irreversible binding (reviewed in [26, 30] ), which supports a toxin orientation during membrane entry with the a k a 5 loop towards the cytoplasm.
T h e helical domain is connected to the sheet domains by a single long linker extending from the C-terminus of the last helix to the first-strand pl in sheet 3 of domain I1 [7, 9] . While salt bridges between the N-terminal part of a7 and domain I1 stabilize the soluble structure, these interactions could become weakened upon receptor binding or on contact with the membrane, which would enable domain I to swing free from the sheet domains, tethered by the single linker, and engage in membrane penetration.
T h e greatest structural similarity between Cry3A and CrylAa occurs in domain I11 [9] . On the inner (facing domain I) sheet of this psandwich, four arginines on the highly conserved strand p17 participate in an extended network of charge interactions. Mutation of the outer arginines to lysines was shown to inhibit permeability increases across the midgut membrane without affecting binding [41, 46] . It was suggested that while the membrane pore is formed by elements from domain I, the arginines on p l 7 regulate the ion conductance through the pore by a gating mechanism [41] . Since the Cry toxin structures in the soluble state show no direct interaction with the helices in domain I, a gating function involving p17 could only be realized through a large movement of this part of domain I11 [26] .
T h e suggestion that an umbrella-like opening within domain I and a hinge movement around the linker between domains I and I1 are necessary 
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573 w l1 steps towards pore formation came from studies using engineered disulphide bridges in Cryl Aa (Figure 2 , left-hand panel) [42] . T h e mutants lost channel-forming activity only when either helix a4 or a5 was immobilized by disulphide bridges to other helices, or when helix 0r7 was cross-linked to a part of domain I1 across the domain interface, and they regained parental toxicity when the disulphide bridges were reduced.
Crystal structure of a d-endotoxin with bound receptor ligand For one b-endotoxin, the lepidopteran-specific CrylAc, both the membrane receptor and the specificity-determining group on that receptor have been identified. Its receptor in the tobacco horn worm, Manduca sexta, is APN, a glycoprotein with a glycosylphosphatidylinositol anchor in the membrane [17, 18] . GalNAc is a part of APN uniquely recognized by CrylAc [15, 16] . Surface-plasmon-resonance measurements showed that GalNAc competitively displaced bound
CrylAc from APN with a K , of S m M , but did not displace the closely related CrylAa and CrylAb that also bind to APN but apparently through different ligands [43] . Furthermore, surface-plasmon-resonance analysis of CrylAc binding to M. sexta APN in a supported lipid monolayer resolved an initial rapid, reversible (low-affinity) phase from a slower, irreversible (high-affinity) phase [39]. Only the low-affinity phase was GalNAc-sensitive, whereas the higheraffinity phase, which followed first-order kinetics, was sensitive to neither GalNAc nor reagents that disrupt protein-protein interactions. This suggests that the GalNAc-mediated binding to the APN receptor is immediately followed by a ratelimiting step in the mechanism, enabling the toxin to insert into the lipid. In order to identify positively the receptor-binding site and observe structural repercussions of initial binding, we have determined the crystal structures of the Lepidoptera-specific Cryl Ac both in the free state and in a complex with its specificity-determining CrylAc and CrylAa have been subjected to domain-exchange analysis [28, 29] because they differ in their insect specificity ranges and show significant sequence differences in the two membrane-binding domains, but not in the poreforming domain (levels of sequence identity being 99, 69 and 41 O / ' in domains 1-111 respectively). Differences between their domain I I structures are most pronounced at the apex, where loops extending from sheets 2 and 3 differ in length and conformation. These differences correlate well with results from site-directed mutagenesis showing that residues in these two loops are important to reversible and irreversible membrane binding [30-321. T h e most striking difference is however located in domain 111, where, relative to CrylAa, Cryl Ac displays a six-residue insertion hitherto undetected by multiple sequence alignments. T h e large insertion is accompanied by a twist and rotation of the outer sheet (which faces the solvent) of the /?-sandwich. T h e inserted sequence is T h e structure of the Cryl Ac-GalNAc complex ( Figure 3 ) identified seven key residues forming the high-affinity receptor-binding site, which are located both in the insertion loop and on the strands opposite it. Specificity for the GalNAc ligand is provided by hydrogen bonding from side-chain atoms of two arginine and a glutamine residue, as well as main chain atoms of the insertion loop, to the ring oxygen of the sugar, the 0 -4 atom (distinguishing galactose from glucose) and the acetyl group (distinguishes GalNAc from galactose). T h e arginines are stabilized in their ligand binding conformation by stacking with aromatic residues located on the sheet.
Comparison of the CrylAc structures with and without bound GalNAc showed little coordinate shift. In common with many proteinligand complexes, the contact residues become more ordered upon binding GalNAc, as indicated by a decrease of their atomic temperature factors. However, there was also an increase of temperature factors in large segments of the helical domain of the bound form relative to the molecular average. This suggests that occupation of the highaffinity site involving the insertion in domain I11 facilitates an increase of mobility in the poreforming domain, which may indicate how binding could trigger the initiation of a major conformational change required for the toxin to enter the target membrane. By what mechanism the signal is carried from the binding site to the poreforming elements remains to be investigated.
Cyt G-endotoxins
Structure in the soluble state and implied pore-forming mechanism The structure of a Cyt d-endotoxin, CytB (now renamed Cry2Aal; see [2] ) with specific toxicity to dipteran insects in vivo [25] was determined in the protoxin form [lo] . Since the cleavage sites during proteolytic activation have been determined [22] , the structure of the active toxin (Figure 4 ) is shown to consist of a single domain, with outer layers of helix hairpins flanking a mixed /?-sheet [lo] . T h e helices can be ruled out for pore formation because they are too short to span a bilayer [lo] , and mutation reducing their amphi-philicity had no effect on toxicity [44]. T h e mutations known to abolish toxicities in vivo and phospholipid binding in vitro are mapped to the loops linking one of the helix pairs (aC-aD) to the sheet, and they are mutations that either make the loops less hydrophilic by changing charged amino acids to alanine, or more rigid by incorporating prolines [44]. Therefore the pore-forming mechanism for Cyt d-endotoxins is thought to involve a hinge movement of helices around these loops, followed by insertion of the underlying long amphiphilic p-strands (PS, p6 and 87) into the bilayer, leaving the helices exposed on the membrane surface [lo] .
Model membranes studies
Studies in model membranes [45] support a membrane-insertion role for the p-strands. In This supports a major conformational change in the presence of a bilayer and indicates protection of the fragment containing strands p5-87. After extensive washing with aqueous buffer that depleted the helix-containing fragment from the vesicles, fusion of the washed vesicles with glucose-loaded liposomes resulted in release of trapped glucose, indicating that the p-sheet retained with the bilayer functioned as a pore.
In another study [47], CytB was labelled on five residues in the strands p5-P with a polaritysensitive acrylodan (6-acryloyl-2-dimethylaminonaphthalene) following single-cysteine substitutions. T h e dye gave a green-blue shift in the emission spectrum, indicative of transfer into a more hydrophobic environment, when the modified toxin was mixed with red-cell membrane vesicles, and this shift was partially reversed by delipidation of the vesicles carrying the labelled toxin. Therefore these positions on the long pstrands are partitioned into the bilayer and they can be assumed to face the lipid environment rather than an aqueous channel.
Reversion mutagenesis
Recently the requirements for pore formation were investigated further by reversion mutagenesis of a CytB mutant inactive for pore formation (B. Promdonkoy and D. J. Ellar, unpublished work). Although the primary mutation was located in the proposed hinge region [lo], the 30 revertants that regained haemolytic activities contained single or multiple amino acid substitutions in both the hinge residues and the hydrophobic core. These results suggest that destabilizing the cohesion between the central p-sheet and the outer helix layer is as effective in elevating pore-forming activity as restoring a degree of mobility in the hinge region. T h e results also implied that not only does the helix C-D hairpin need to swing away from the sheet as previously supposed [lo] , but the helix A-B hairpin also has to disassemble from the sheet, before or during membrane insertion by the p-sheet.
Conclusion
From these structural and biochemical data, we infer that the structures of the Bt Cry and Cyt dendotoxins in the soluble form are metastable, and that there is a fine balance between the compact globular organization represented by the crystal structure and a partially unfolded state that allows them to bring out previously buried non-polar surfaces for interaction with the membrane bilayer. This fine balance appears to be tipped towards the large-scale conformational change when a specific receptor-binding site on Cry toxins is occupied by a high-affinity ligand, or when a Cyt toxin is in the presence of lipid membranes. This metastable character distinguishes pore-forming proteins from water-soluble proteins accidentally adsorbed to a membrane surface.
